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Formation of a fusion pore between a vesicle and its target
membrane is thought to involve the so-called SNARE protein
complex. However, there is no mechanistic model explaining how
the fusion pore is opened by conformational changes in the SNARE
complex. It has been suggested that C-terminal zipping triggers
fusion pore opening. A SNAP-25 mutant named SNAP-259 (lack-
ing the last nine C-terminal residues) should lead to a less-tight
C-terminal zipping. Single exocytotic events in chromaffin cells
expressing this mutant were characterized by carbon fiber amper-
ometry and cell-attached patch capacitance measurements. Cells
expressing SNAP-259 displayed smaller amperometric ‘‘foot-cur-
rent’’ currents, reduced fusion pore conductances, and lower fu-
sion pore expansion rates. We propose that SNARE/lipid complexes
form proteolipid fusion pores. Fusion pores involving the SNAP-
259 mutant will be less tightly zipped and may lead to a longer
fusion pore structure, consistent with the observed decrease of
fusion pore conductance.
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The formation of a fusion pore, the connection betweenvesicular lumen and extracellular space, is a key step of
exocytosis (1, 2) that may be driven by a conformational change
in the SNARE complex (3). It has been proposed that a
preassembled fusion pore may initiate rapid transmitter release
in neurosecretion (4), and it was suggested that the outer part of
the fusion pore may be formed by a ring of 5 or 7 syntaxin
transmembrane domains (5, 6). However, there is considerable
controversy regarding the fusion pore structure, and an alter-
native hypothesis is that fusion pore formation occurs via a
hemifusion intermediate (7, 8). Although the structure of the
fusion pore remains elusive, current models place the C termini
of all three SNAREs in or near the fusion pore (9).
Deletions of 4–9 aa at the C terminus of SNAP-25 reduce
exocytosis in chromaffin cells (10, 11) and affect the kinetics of
single release events (11), and mutations in the C-terminal part
of SNAP-25 decrease the rate of exocytosis, suggesting that
fusion is driven by N- to C-terminal zipping (12). Such manip-
ulations of the SNAP-25 C terminus should lead to a less-tight
zipping at the C-terminal side of the SNARE complex and may
be expected to lead to fusion pores with different structure and
stability. The opening of single fusion pores can be detected by
carbon fiber amperometry as a ‘‘foot signal’’ (13) preceding an
amperometric current spike that ref lects the f lux of cat-
echolamines released from individual vesicles. The amperomet-
ric foot signal reflects f lux of transmitter through narrow fusion
pores with conductance 2 nS by electrodiffusion (14–16).
To study the role of the SNAP-25 C terminus in fusion pore
formation, SNAP-259 (lacking the last nine C-terminal resi-
dues) coupled with GFP was overexpressed in bovine chromaffin
cells. Single exocytotic events were characterized by measure-
ments of amperometric foot currents (13) and cell-attached
patch capacitance measurements (17–19). Cells overexpressing
SNAP-259 displayed smaller amperometric foot currents, re-
duced fusion pore conductances, and lower fusion pore expan-
sion rates. The results suggest a model for fusion pore mechanics
that couple C-terminal zipping of the SNARE complex to the
opening of a proteolipid fusion pore.
Results
Carbon fiber amperometry was applied to determine whether
deletion of the C-terminal 9 aa of SNAP-25 affected transmitter
release from single vesicles (Fig. 1). Exocytosis was stimulated by
high K depolarization. Cells overexpressing SNAP-259 showed
fewer amperometric events (12.8  2.0 events per cell) than cells
overexpressing SNAP-25 wild-type (23.2 2.3 events per cell) and
noninfected control cells (28.6  4.8 events per cell) (Fig. 1 A and
C). The reduced number of exocytotic events is consistent with
previous whole-cell patch-clamp capacitance measurement where
exocytosis was stimulated by flash photolysis of caged calcium (10).
To compare the amount and kinetics of transmitter release from
single vesicles, each amperometric spike was characterized by its
quantal size (spike charge from integrated amperometric current),
amperometric spike amplitude, amperometric spike half-width,
amperometric foot duration, and average foot current amplitude
(Fig. 1B). The amount of transmitter released from a vesicle did not
change in cells overexpressing SNAP-259 (Fig. 1D). However, the
mean amperometric spike peak amplitude of SNAP-259-
expressing cells (42.8 6.0 pA) was significantly smaller than those
of cells overexpressing SNAP-25 wild-type (62.7  7.3 pA) and of
control cells (78.2  12.6 pA) (Fig. 1E). Accordingly, the mean
amperometric spike half-width of SNAP-259-expressing cells was
significantly increased (19.2 3.4 ms) compared with control cells
(9.9 1.1 ms) and cells overexpressing SNAP-25 wild-type (11.2
1.7 ms), indicating that SNAP-259 reduces the rate of transmitter
release from individual vesicles (Fig. 1F). Virtually identical
changes in amperometric spike kinetics were previously observed
after GFP-SNAP-256 overexpression (11).
The amperometric foot current amplitude indicates the flux of
molecules through the pore, and the duration of the foot signal
indicates the time interval from fusion pore opening to its rapid
expansion (14, 16). In cells overexpressing SNAP-259, the
mean foot duration (Fig. 1G) was 83 16ms, significantly longer
than in wild-type cells and cells overexpressing wtSNAP-25
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(31 4ms and 33 4ms, respectively). The average foot current
amplitude (Fig. 1H) was smaller (4.14 0.87 pA) in SNAP-259
cells than in wild-type cells (7.10  1.00 pA) and cells overex-
pressing wtSNAP-25 (8.26  1.00 pA). These results indicate
that fusion pores involving SNAP-259 have a longer lifetime
and show a reduced flux of catecholamine.
The reduced flux of catecholamine through fusion pores in
cells overexpressing SNAP-259 may reflect a distorted struc-
ture of the fusion pore. To test this hypothesis, we determined
fusion pore conductances by cell-attached capacitance measure-
ments (17, 19), which provide a more direct assessment of fusion
pore properties. Fusion pore openings in cells overexpressing
SNAP-259 show variable properties (Fig. 2), as do nontrans-
fected bovine chromaffin cells (16). Typically (Fig. 2A), the
fusion pore opening manifests itself as a transient increase in the
real part (Re) of the patch admittance on the time scale of 5–50
ms associated with a time-resolved increase in the imaginary part
(Im). From these traces, the time course of fusion pore conduc-
tance (Gp) and capacitance (Cv) were calculated. After the
initial opening of the fusion pore, Gp increased rather mono-
tonically. The initial Gp was taken at a time point where the Cv
trace reached the full vesicle capacitance within 10% to
account for the time resolution of the admittance measurement.
The initial fusion pore expansion rate was determined as the
initial slope S of a linear fit to the first 15 ms of the fusion pore
after its initial opening (15). The lifetime of the fusion pore
(duration) was taken as the time between its initial opening and
the time where Gp exceeded 2 ns, which was always after the
slope of Gp increased sharply, indicating rapid fusion pore
expansion. As an additional characteristic parameter, we deter-
mined the mean fusion pore conductance between initial open-
ing and rapid expansion. Some fusion pore openings were slower
exhibiting Gp fluctuations, and the initial slope was occasionally
negative (Fig. 2B). The correctness of the fusion pore conduc-
tance determination was confirmed for all analyzed events by
verification of a constant Cv during fusion pore expansion. In
some events (as in Fig. 2 A and B) the full fusion pore expansion
was followed by a gradual capacitance decrease as previously
reported for exocytosis of neutrophil granules (20). After a long
fusion pore flicker, some fusion pores closed eventually in a
so-called ‘‘kiss-and-run’’ event as reported for nontransfected
chromaffin cells (14, 15, 21).
From themeasured fusion pore durations, fusion pore survival
curves were constructed for the three groups: wild-type cells,
cells overexpressing wtSNAP-25, and cells overexpressing
SNAP-259 (Fig. 2C), representing the cumulative fusion pore
lifetime distributions. They show that the fusion pore duration is
markedly increased in cells overexpressing SNAP-259 but is
little affected in cells overexpressing wtSNAP-25. Single expo-
nential fit time constants  are given in Table 1. The single
exponentials (Fig. 2C, dotted lines) do not represent a very good
fit, however, which is clearly evident in the logarithmic graph of
Fig. 2D (dotted lines), and the deviations suggest more than one
component. Double exponential fits (Fig. 2 C and D, dashed
lines) reproduce the data well. The fitted parameters (Table 1:
-fast, -slow, and amplitude ratio A-slow/A-fast) show that the
Fig. 1. Removing the nine C-terminal amino acids of SNAP-25 reduces the
rate of exocytotic events and modulates the dynamics of single release events.
(A) Amperometric recording of catecholamine release from a control bovine
chromaffin cell (Top), a cell overexpressing wild-type SNAP-25 (Middle), and
SNAP-259 (Bottom) during continuous stimulation with 100 mM KCl. (B) A
single amperometric event from the SNAP-259 trace on expanded scale
illustrating the parameters analyzed for amperometric spikes (foot duration,
mean foot current, spike half-width, spike amplitude, and quantal size). (C–H)
Statistical analysis of spike frequency (C), quantal size (D), spike amplitude (E),
spike half-width (F), foot duration (G), and foot current (H) obtained for
control cells (black, n  29 cells, 11–121 events per cell), cells overexpressing
wtSNAP-25 (gray, n  18 cells, 10–67 events per cell), and cells expressing
SNAP-259 (white, n 16 cells, 5–30 events per cell). *, P 0.05; **, P 0.01
(Student’s t test). The quantal size of amperometric events of control cells, cells
overexpressing wtSNAP-25, and SNAP-259 were 1.32 0.21, 1.53 0.20, and
1.47  0.19 pC, respectively.
Fig. 2. Fusion pore analysis for SNAP-259-expressing cells by cell-attached
capacitance measurements. (A) Real part (Re, blue) and imaginary part of
admittance change (Im, red), fusion pore conductance (Gp, green), and vesicle
capacitance (Cv, black) during a typical fusion pore opening with a monoto-
nous Gp increase from initial fusion pore opening to rapid expansion. Fusion
pore opening was characterized by quantifying initial fusion pore conduc-
tance at the time where Cv had reached its final value within a few percent,
fusion pore expansion rate from slope S of linear regression during the first 15
ms of the fusion pore, fusion pore duration, and mean fusion pore conduc-
tance. (B) Re (blue), Im (red), Gp (green), and Cv (black) for a slow fusion pore
opening with Gp fluctuations and negative initial slope S. InA andB, note that
Cv is constant during the expansion of the fusion pore, but a capacitance
decrease is evident after full expansion of the fusion pore. One possible
explanation for this phenomenon is that in the cell-attached configuration,
the full incorporation of a vesicle into the patch membrane and the resulting
increase in patch area is followed by increased attachment (sealing) of part of
the patch membrane to the glass, leading to a decrease in capacitance (20). (C)
Survival curves of fusion pore duration for control cells (black, 151 events), cells
overexpressing wtSNAP-25 (blue, 141 events), and cells overexpressing SNAP-
259 (red, 166 events). The thinner smooth lines show fits of the decay with
a single exponential (dotted line), double exponential (dashed line), and
power law (solid line). (D) Survival curves and fits as in C but on a logarithmic
scale.







main change in cells overexpressing SNAP-259 appears to be
a marked increase in the slow component.
A double-exponential fit is based on the assumption of two
distinct fusion pore populations. However, it appears more likely
that fusion pores may in fact represent a larger set of various
populations and could, for instance, be formed at variable Ca2
concentrations (22–25), by variable synaptotagmin interactions
(26, 27) or possibly by a variable number of SNARE protein
complexes. A continuous distribution of rate constants leads to
a time course that can be described by a power law f(t)  A(1 
kt/n)n, where k is the peak rate constant of the distribution, and
the parameter n corresponds to the width of the distribution (28,
29). For large n, the distribution becomes very narrow, and the
time course approaches single-exponential behavior. Fits with
this power law (Fig. 2 C andD, smooth solid lines) reproduce the
measured curves at least as well as double-exponential fits,
although only three instead of four free parameters are fitted.
The reciprocal peak rate constants were 15 and 25 ms for
untransfected cells and cells overexpressing wtSNAP-25, respec-
tively. The value was much larger (48 ms) for cells overexpressing
SNAP-259. The parameter n was lowest for control cells,
indicating that the fusion pore population is normally rather
inhomogeneous. The larger n values for cells overexpressing
wtSNAP-25 or SNAP-259 indicate more homogeneous fusion
pore kinetics.
For a more conservative comparison of average fusion pore
duration with average foot duration, we calculated the median
fusion pore duration for each patch and then the mean of the
median values (Fig. 3A), which also reveals the increase of fusion
pore lifetime in cells expressing SNAP-259. For this analysis,
only patches with at least five events were included. The average
fusion pore durations determined in this way were not signifi-
cantly different between nontransfected cells (35  4 ms) and
cells overexpressing wtSNAP-25 (41  5 ms). They were signif-
icantly longer in cells overexpressing SNAP-259 (73  12 ms),
confirming the results of the survival curve fits. The values are
also in very good agreement with those observed for the
amperometric foot signal duration (Fig. 1G).
The average capacitance step sizes obtained from control
cells, cells overexpressing wtSNAP-25, and SNAP-259 (Fig.
3B) were not significantly different, indicating that vesicle sizes
were unchanged. Together with the unchanged quantal size (Fig.
1D), this suggests that vesicular catecholamine concentrations
are also not affected. Therefore, the reduced amperometric foot
current should be due to reduced permeability of the fusion pore.
As for ion channels, changes in the structure of the fusion pore
should be reflected in changes of its conductance. The average
initial fusion pore conductance (Fig. 3C) was significantly lower
in cells expressing SNAP-259 (236  25 ps) than in nontrans-
fected cells (330 21 ps) and in cells overexpressing wtSNAP-25
(339  38 ps). Also, the average fusion pore conductance
between initial opening and expansion beyond 2 ns (Fig. 3D) was
significantly reduced in SNAP-259-expressing cells (597  44
ps) compared with nontransfected (761  42 ps) and wtSNAP-
25-overexpressing cells (758 42 ps). These results indicate that
the structure of the fusion pore is modified in cells expressing
SNAP-259. The mean fusion pore expansion rate (Fig. 3E) is
also markedly slower for fusion pores in cells expressing SNAP-
259 (25  4 ns/s) compared with cells overexpressing
wtSNAP-25 (55  7 ns/s) and control cells (51  5 ns/s).
Discussion
It is still unclear how exocytotic fusion pores are formed. To
achieve rapid transmitter release in neurosecretion, a preas-
sembled fusion pore may open in response to stimulation (4). It
has been proposed that the outer part of the fusion pore may be
a ring of 5 or 7 syntaxin transmembrane domains (5, 6).
However, the transmembrane domains of syntaxin as well as
synaptobrevin are hydrophobic, and it is not immediately evident
how they could form a pore that allows for permeation of
charged transmitter molecules as well as other ions in a way
similar to an ion channel (16). An alternative hypothesis is that
fusion pore formation occurs via a hemifusion intermediate (7,
8). In those models, the role of SNARE proteins is to impose
tension and curvature, leading to merging of lipids forming a
hemifusion intermediate that ultimately breaks, forming a purely
lipidic fusion pore. Although the structure of the fusion pore
remains elusive, current models place the C termini of all three
SNAREs in or near the fusion pore (9).
SNAP-25 is one of the essential components in the neuronal
SNARE complex mediating exocytosis of synaptic vesicles as
well as chromaffin granules. It has been suggested that only the
N-terminal part of the SNARE complex is zipped in the primed
state (Fig. 4A), whereas N- to C-terminal zipping and the
associated conformational change in the C terminus of the
SNARE complex is thought to induce fusion pore formation
(12). Here, we have shown that SNARE complexes involving
SNAP-259 produce fusion pores with smaller conductance,
Table 1. Fusion pore survival curve fit parameters obtained with single-exponential (), double-exponential
(-fast, -slow, A-slow/A-fast) and power law (1/k, n) fits
Cell group , ms -Fast, ms -Slow, ms A-slow A-fast 1/k, ms n
Control 28  1 18  1 60  2 0.19  0.02 15  1 3.2  0.2
SNAP-25 36  1 12  1 44  1 0.79  0.08 25  1 4.5  0.2
SNAP-259 64  1 17  2 74  1 1.6  0.1 48  1 5.0  0.3
Fig. 3. Removing the nine C-terminal amino acids of SNAP-25 modifies
fusion pore properties. Statistical analysis of fusion pore duration (A), capac-
itance step size (B), initial fusion pore conductance (C), mean fusion pore
conductance (D), and fusion pore expansion rate (E) of control cells (black,n
16 cells, 5–32 events per cell), cells overexpressing wtSNAP-25 (gray, n  11
cells, 5–28 events per cell) or SNAP-259 (white, n  11 cells, 5–21 events per
cell). *, P  0.05; **, P  0.01 (Student’s t test).
15390  www.pnas.orgcgidoi10.1073pnas.0805377105 Fang et al.
longer fusion pore duration, and slower expansion rate. Al-
though the C terminus of SNAP-25 is unlikely to protrude
directly into the fusion pore, the reduced conductance of the
fusion pore and the associated reduced flux of catecholamines
suggest a change in fusion pore structure. This may be a decrease
in fusion pore diameter, an increase in fusion pore length, or an
even more complex structural change.
Fig. 4B shows a SNARE complex structure that is based on the
structure of the fully zipped four-helix bundle as observed by
x-ray crystallography (9). The coiled coil extends almost directly
to the transmembrane domains of synaptobrevin and syntaxin
such that, in this state, the vesicle and plasma membrane are
pulled very close together. This fully zipped state is thought to
lead to fusion pore opening. Synaptic vesicles have a very high
protein content in their membrane, and it has been suggested
that the majority of lipid molecules may be in direct contact with
membrane proteins (30). It thus appears that there will be very
few ‘‘free’’ lipid molecules, suggesting that a lipidic hemifusion
state may be unlikely because of the lack of sufficiently sized lipid
areas. Because the transmembrane domains of synaptobrevin
and syntaxin are hydrophobic, we propose a proteolipidic fusion
pore (Fig. 4B), where the conformational change in the SNARE
complex produces a fusion pore that is lined by polar lipid head
groups, with their hydrophobic tails being in contact with the
hydrophobic transmembrane domains. To achieve such an ar-
rangement, the bilayer structure has to be disrupted. The
arrangement of Fig. 4B should be considered a schematic
illustration of such a structure but should not be viewed as a
precise molecular picture.
When fusion pores are formed by SNAP-259 instead of
wtSNAP-25, they exhibit lower conductance, suggesting a de-
crease in fusion pore diameter or an increase in fusion pore
length. With SNAP-259, the C terminus of the four-helical
bundle will be zipped less tightly, which should lead to a longer
fusion pore as indicated in Fig. 4C, consistent with the observed
lower fusion pore conductance and reduced rate of catechol-
amine release. The experiments described here were performed
by introducing SNAP-259 via viral infection in bovine chro-
maffin cells that are not devoid of wild-type SNAP-25. SNARE-
mediated fusion pores are presumably formed by multiple
SNARE proteins, but it is unknown by how many (31). We thus
cannot exclude the possibility that the observed changes reflect
mixed fusion pores involving SNAP-259 as well as wtSNAP-25.
Mixed fusion pores are also suggested by the requirement of
much higher intracellular Ca2 concentrations for stimulation of
exocytosis in SNAP-259-expressing SNAP-25 knockout cells
devoid of wtSNAP25 (12) compared with experiments with
expression of SNAP-259 in wild-type cells (10). Nevertheless,
the participation of SNAP-259 mutants in fusion pore forma-
tion is clearly evident from the observed changes in fusion pore
properties as well as the parallel effects of either cleaving
endogenous SNAP-25 with botulinum neurotoxin A (32) or
expressing SNAP-259 in bovine chromaffin cells (10).
SNAP-25 knockout chromaffin cells exhibit a reduction in
amperometric spike frequency to 30% compared with control
cells, and the remaining events have significantly reduced am-
perometric foot signal duration. It has been suggested that these
exocytotic events may not require the assembly of the SNARE
complex or may (more likely) use alternative SNARE homo-
logues (33). Fusion pores supported by this unidentified
SNAP-25 homologue exhibit shorter fusion pore lifetime con-
sistent with a role of SNAP-25 in determining the properties of
the fusion pore.
In a recent study introducing linkers of increasing length
between the synaptobrevin transmembrane domain and its
SNARE domain, a progressive decrease in foot current ampli-
tude and increase in foot duration was found (34) that is parallel
to the changes in fusion pore properties described here for the
SNAP-259 mutant. These linkers also increased the average
amperometric spike half-width (34) as does the SNAP-259
mutant. Although it is possible that the kinetics of rapid release
during the amperometric spike is determined by an expanding
fusion pore, it is also possible that the release kinetics reflects
dissociation from the granular matrix (35). Strong support for
the latter mechanism has come from the recent observation that
the amperometric spike half-width is decreased in chromaffin
cells lacking Chromogranin A (36). Our results clearly indicate
that release, even at this late stage, is accelerated by molecular
pulling of the SNAREs, either by affecting an expanded fusion
pore or by exerting forces on the granule affecting the dissoci-
ation kinetics from its matrix.
Fusion pore dynamics is affected by intracellular Ca2 con-
centrations (22–25) as well as overexpression of different syn-
aptotagmin isoforms or synaptotagmin mutants (25–27). Al-
though it is possible that synaptotagmin affects the fusion pore
mechanics directly, it is also possible that the final zipping of the
SNARE complex is not producing a unique structure but might
depend on specific Ca2/synaptotagmin action, leading to vari-
ability in the conformation of SNARE complexes that lead to
fusion. The nonexponential fusion pore lifetime distributions
(Fig. 2 C and D) support such heterogeneity.
In the sequence of steps involved in vesicle fusion (Fig. 4D,
solid line) the transition from the primed state to the fully zipped
state is triggered by Ca2 via a mechanism involving synapto-
tagmin and complexin (37). Because of the links of the SNARE
domains to the transmembrane domains of synaptobrevin and
syntaxin and their interactions with the membranes, the tension
exerted by this fully zipped complex relaxes via opening of the
fusion pore. For the SNAP-259 mutant, the SNARE complex
is zipped less tightly and exerts less tension on the membranes,
thus corresponding to a more relaxed lower energy state (Fig.
4D, dashed line). There is thus a lower probability from this state
to proceed to the opening of the fusion pore, as is reflected in
the smaller amplitude and slower kinetics of the exocytotic burst
in cells expressing the SNAP-259 mutant (10). The narrow
fusion pore state (Fig. 4B) is still characterized by significant
tension and eventually relaxes by fusion pore expansion. For
fusion pores involving SNAP-259, the tension in this state will
again be lower, explaining the decreased fusion pore expansion
rate. The changes in fusion pore properties in exocytosis medi-
Fig. 4. Schematic model of fusion pore mechanics. (A) Primed state with N-terminally zipped SNARE complex. (B) Fully zipped SNARE complex and early fusion
pore. (C) Less-tightly zipped SNARE complex involving the SNAP-259 mutant may produce a longer fusion pore. The horizontal lines are drawn to aid in
identifying the increased fusion pore length. (D) Schematic energy diagram for the different states including contributions form the SNARE domain interactions
as wells as the transmembrane domains and membrane interactions.







ated by the SNAP-259 mutant are thus consistent with a model
for fusion pore mechanics that couple N- to C-terminal zipping
of the SNARE complex to opening of a fusion pore formed by
a proteolipid complex of molecular dimensions.
Experimental Procedures
Cell Preparation and Protein Expression. Bovine chromaffin cells were pre-
pared as described (38). Cells were incubated at 37°C and 10% CO2 and
infected at day 1–2 after isolation, and the cells were used 24–36 h after
infection. Virus production and infection was performed as described (39).
cDNAs encoding for N-terminally GFP-linked GFP-SNAP-25A and GFP-SNAP-
259 were subcloned into the viral plasmid pSFV1 (Invitrogen). Plasmid se-
quences were confirmed by DNA sequencing.
Electrophysiology. Cell-attached patch-clamp capacitance measurements
were performed with wide-tipped patch pipettes (tip diameter 5–7 m) using
an EPC-7 amplifier (HEKA) and a lock-in amplifier (SR 830; Stanford Research
Systems) using a 20-kHz, 50-mV (root-mean square) sine wave and fusion pore
conductances analyzed as described (19). Analysis of fusion pore conductance
was restricted to fusion pores with lifetimes 15 ms because shorter events
were distorted by the lock-in amplifier low-pass filter (set to 1 ms, 24 dB). The
bath solution contained 140 mM NaCl, 5 mM KCl, 5 mM CaCl2, 1 mM MgCl2, 10
mM Hepes/NaOH, and 20 mM glucose (pH 7.3). The pipette solution contained
50 mM NaCl, 100 mM TEA-Cl, 5 mM KCl, 5 mM CaCl2, 1 mM MgCl2, and 10 mM
Hepes/NaOH (pH 7.3). All experiments were done at room temperature.
Amperometry. Carbon fiber electrodes with a diameter of 5m (ALA Scientific
Instruments) were used for amperometric measurements. Amperometric cur-
rents were recorded with an EPC-7 amplifier (HEKA) applying electrode
voltage 700 mV, filtered at 3 kHz and analyzed by a customized macro for
IGOR software (40). The analysis was restricted to events with a peak ampli-
tude 10 pA. For foot-signal analysis, the amperometric currents were sub-
sequently filtered with a 100-Hz digital Bessel filter and 60-Hz notch (IGOR
IFDL; WaveMetrics), and analysis was restricted to events with foot current
0.5 pA and foot duration4 ms. The bath solution contained 140 mM NaCl,
5 mM KCl, 5 mM CaCl2, 1 mM MgCl2, 10 mM Hepes/NaOH, 20 mM glucose (pH
7.3). Release events were stimulated by applications of high KCl solution: 30
mM NaCl, 100 mM KCl, 5 mM CaCl2, 1 mM MgCl2, 20 mM Glucose, and 10 mM
Hepes-NaOH (pH 7.3) for 5 min.
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